Significance and Impact of the Study: This study provides insights on the antimicrobial activity of an aspartic protease isolated from Salpichroa origanifolia fruits on plant and human pathogens. The proteinase inhibited Fusarium solani and Staphylococcus aureus in a dose-dependent manner due to the alteration of the cell plasma membrane barrier but not due to its proteolytic activity. Antimicrobial activity of salpichroin suggests its potential applications as an important tool for the control of pathogenic microorganisms affecting humans and crops of economic interest. Therefore, it would represent a new alternative to avoid the problems of environmental pollution and antimicrobial resistance.
Introduction
Proteases are an important group of enzymes capable of hydrolysing peptide bonds with key roles in physiology and metabolic regulation. They are classified according to their mechanism of catalysis. The MEROPS database (MEROPS: the database of proteolytic enzymes, their substrates and inhibitors, http://merops.sanger.ac.uk) considers seven families of proteases: aspartic, cysteine, glutamic, metallo, asparagine, serine and threonine (Rawlings et al., 2018) . In plants, five classes of endoproteases have been described: serine, cysteine, aspartic, metallo and threonine proteases (Ako and Nip, 2006; Rawlings et al. 2016) . These enzymes are ubiquitously distributed in all living organisms and play a fundamental role during reproduction, nutrition, growth, defense and senescence. They are also involved in degradation of misfolded proteins, protein turnover, defense mechanisms and programmed cell death (González-Rábade et al., 2011) . In plants, proteases play a fundamental rol in development, growth and in response to biotic and abiotic stress. Aspartic proteases (Enzyme Commission number, EC 3.4.23) have two aspartic residues responsible for the catalytic activity, are most active at acidic pH and are specifically inhibited by pepstatin A (McDonald et al., 2009 ). They are expressed in different plant organs such as seed, tuber, leaf, flower, and root (Simoes et al., 2004) . The majority of plant aspartic proteases are synthesized as single-chain preproenzymes and the mature enzyme can be either single or two-chain protein. The precursor is characterized by a hydrophobic N-terminal signal sequence, responsible for translocation into the endoplasmic reticulum, and a C-terminal domain with an insertion of approximately 100 amino acids, named as plant-specific insert (PSI). The PSI is an independent domain exclusively found in plant aspartic proteases, which is closely related to saposin-like proteins (SAPLIPS) (Simoes et al. 2004; González-Rábade et al., 2011; Bryksa et al., 2017) . It was shown that this insert can integrate into membranes causing leakage, and this process depends on pH and lipid composition (Egas et al., 2000; Bryksa et al., 2011; Muñoz et al., 2011; Muñoz et al., 2014; Bryksa et al., 2017) . The expression of these proteases is related to a plant defense response. It was described that plants proteases are induced after being challenged by pathogens, suggesting that their activity affects the growth of the pathogen directly or indirectly. In addition, if the genes that encode these enzymes are deletioned or silenced, the susceptibility of plants to pathogens increases (Guevara et al., 2002; Jashni et al., 2015) .
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Antifungal activity of salpichroin
We have previously reported the cytotoxic effect of salpichroin against Phytophthora capsici (Rocha et al., 2016) , a phytopathogen that causes significant losses in crops of economic interest. In order to analyse antifungal activity of the aspartic protease over F. solani different amounts of salpichroin (0.3, 0.75, 1.2, 1.9, 2.5, 3.75 µM) were incubated with conidia of the pathogen. The results showed that the enzyme was capable of inhibiting conidia germination of F. solani in a dose dependent manner (Fig 1a) . Besides, a concentration of 1.2 µM of salpichroin was necessary to inhibit 50% of conidial germination, the same amount reported as the minimal concentration for inhibiting strains of P. capsici (Rocha et al., 2016) . These results are similar to those obtained by Mendieta et al. (2006) , who described the antifungal activity of two aspartic proteases of Solanum tuberosum, StAP1 and StAP3. This activity was attributed to the ability of these enzymes to bind to the surface and to penetrate cells with compromised plasma membranes. Furthermore, Muñoz et al. (2010) proposed that the presence of the PSI domain could be correlated with the antimicrobial activity.
To determine whether the antifungal activity of salpichroin was associated to the damage on fungal membranes, we performed an assay based on the uptake of the fluorescent dye SYTOX Green (Thevissen et al., 1999) . This reagent can only penetrate cells with damaged plasma membrane and fluoresces upon binding to DNA. F. solani conidia were incubated with different amounts of salpichroin (0.3, 0.75, 1.2, 1.9 µM). After 20 h of incubation, SYTOX Green was added to evaluate membrane integrity. The results did not show fluorescent conidia's in absence of the aspartic protease. In contrast, in the presence of salpichroin, the SYTOX Green probe was incorporated in a dose dependent manner (Fig 1b) . These results indicate that salpichroin, the purified protease from S. origanifolia was able to induce membrane permeabilization of F. solani conidia (Fig 1c) . Moreover, the pattern of dose-response curves for membrane damage and conidia viability were similar, showing a correlation between them. This result could be explained by the presence of a PSI domain in salpichroin sequence. Tryptic digestion products of the aspartic protease salpichroin were sequenced and one of the fragments matched with the C-terminal domain of SlAP1-like, where the PSI is located (Rocha et al., 2015) .
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Bactericidal activity of salpichroin
Antibacterial activity was also described as a characteristic of several plant proteases (Xia et al., 2004; Siritapetawee et al., 2012; Alam et al., 2014; Raskovic et al., 2015; dos Anjos et al., 2016; Bryksa et al., 2017; Muthu et al., 2017) . With the purpose of corroborating if salpichroin was also capable of inhibiting bacterial growth, we ascertained its activity against two human pathogens, E. coli and S. aureus. To find out if salpichroin had a cytotoxic effect on bacteria, different amounts of enzyme (0.3, 0.75, 1.2, 1.9, 2.5 µM) were incubated with 10 4 c.f.u./ml of E. coli or S. aureus. After 5 h, bacteria were plated in TSA plates to obtain colony counts. Our results demonstrated that salpichroin had no effect on E. coli as shown in Fig 2a. None of the amounts of the aspartic protease provoke a cytotoxic effect. In contrast, the aspartic protease was able to kill bacterial cells of S.
aureus in a dose dependent manner (Fig 2b) . The MBC value determined in this assay was between 1.9-2.5
µM. The minimal bactericidal concentration of salpichroin was at least 2.5 times lower than the reported for other plant aspartic proteases (Muñoz et al., 2010) . Thus, the enzyme of S. origanifolia had a higher antibacterial capacity against S. aureus than the proteases of S. tuberosum.
In order to elucidate if the cytotoxic effect observed was due to the proteolytic activity of the enzyme, salpichroin was treated with pepstatin A, a specific inhibitor of APs. When the AP was incubated with pepstatin A prior to incubation with the bacteria, no changes were observed in the cytotoxic activity (Fig 3) . The effect caused by salpichroin treated with pepstatin A on the growth of S. aureus was similar to that produced in the absence of the inhibitor (Fig 2b) . The MBC value of treated salpichroin was also between 1.9-2.5 µM. These results suggest that bactericidal effect observed was not due to the proteolytic activity of the enzyme. These findings demonstrated that the cytotoxic capacity of salpichroin on pathogenic microorganisms was not due to its proteolytic activity, as with other plant proteases (Xia et al., 2004; López-García et al., 2012; dos Anjos et al., 2016) . This result would also support the hypothesis proposed which states that the killing mechanism of the aspartic protease involves the permeabilization of cell membranes due to the presence of the PSI domain.
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Haemolytic activity
The effect of salpichroin was also tested in human red blood cells. After 2 h (data not shown) or 5 h of incubation with different amounts of the enzyme (0.3, 0.75, 1.2, 1.9, 2.5 µM), the release of haemoglobin was measured by spectrophotometry. As it is shown in Table 1 , salpichroin did not produce haemolysis in hRBC at any concentration evaluated and incubation time assayed, in accordance with that observed by Muñoz et al.
(2010).
Our results show that salpichroin is able to kill some plant and human pathogens but have no effect on human red blood cells or E. coli. The selective toxicity was also observed by other authors, the aspartic proteases of Solanum tuberosum are cytotoxic for plant and human pathogens, bovine and human spermatozoa and human leukaemia cells, but do not exert toxic effect on plant cells, human T lymphocytes or erythrocytes (Mendieta et al., 2006; Cesari et al., 2007; Mendieta et al., 2010; Muñoz et al., 2010) . This outcome is due to the fact that the interaction of PSI domain with the membrane varies with lipid composition (Muñoz et al., 2011 (Muñoz et al., , 2014 Bryksa et al., 2011 Bryksa et al., , 2017 . Therefore, the selective cytotoxicity of salpichroin could be attributed to a possible mechanism of action involving the PSI domain. However, the results of our experiments only showed that the cytotoxic activity of the enzyme is due to its capability to provoke membrane permeabilization and is not related to its proteolytic activity, but we do not have direct evidence to demonstrate that the PSI is involved. Future assays should be conducted to corroborate this hypothesis. These could include the recombinant expression of the protein containing or not the PSI domain and verifying its activity.
Antimicrobial activity of salpichroin suggests its potential applications as an important tool for the control of pathogenic microorganisms affecting humans and crops of economic interest. Therefore, it would represent a new alternative to avoid the problems of environmental pollution and antimicrobial resistance.
